The pro-inflammatory cytokine IL-1β is known to play a role in several models of aging, neuroinflammation, and neurodegenerative diseases. Here, we document a detailed time-and age-dependent pattern of pro-and anti-inflammatory biomarkers following bilateral intrahippocampal injection of interleukin-1β. During the first 12 h several pro-and anti-inflammatory cytokines increased in the aged (24 mo old) rats, some of which returned to baseline levels by 24 h post-injection while others remained elevated for 72 h post-injection. In contrast, no such increases were observed in the young (3 mo old) rats. Interestingly, young rats up-regulated mRNA of two pro-inflammatory cytokines, interleukin-1β and tumor necrosis factor-α, but did not translate these transcripts into functional proteins, which may be related to expression of suppressor of cytokine signaling type-2. These results contribute to our understanding of how neuroinflammation may contribute to the pathogenesis of age-related neurodegenerative disorders due to an age-related bias towards a hyper-reactive immune response that is not selective for a pro-or anti-inflammatory phenotype following an inflammatory stimulus.
Age-associated alterations in the time-dependent profile of pro-and anti-inflammatory proteins within the hippocampus in response to acute exposure to interleukin-1β Neuroinflammation may develop in response to numerous stimuli; the balance of pro-and anti-inflammatory proteins released by local glia and neurons determines whether the outcome is injurious of restorative (Colton, 2009 ). Normal aging is associated with increased neuroinflammation in vulnerable brain regions (Akiyama et al., 2000; Cagnin et al., 2001; Frank-Cannon et al., 2009) . The neurodegeneration may be due to the inability of microglia to effectively convert from a proinflammatory to an anti-inflammatory and repair-oriented activation state, leading to excessive damage to surrounding neurons (Cerbai et al., 2012) . The pro-and anti-inflammatory states within the brain are associated with differential expression of cytokines, growth factors, and oxidative enzymes. The ensemble of cytokines involved in the proinflammatory response is tumor necrosis factor α (TNF-α), interleukin (IL)-1α, IL-1β, IL-2, IL-12, IL-6, interferon-γ (IFN-γ), and granulocytemacrophage colony stimulating factor (GM-CSF) while the cytokines involved in the anti-inflammatory response are associated with release of transforming growth factor-β (TGFβ), IL-4, IL-5, IL-10, and IL-13 (Boche et al., 2013) . CX3CR1 on microglia and its ligand, CX3CL1, are involved in maintaining microglia in a resting state (Cardona et al., 2006) .
We hypothesized that aged animals would have an exaggerated and protracted pro-inflammatory response following pro-inflammatory stimulation of the hippocampus, a region that is selectively vulnerable to age-related neuroinflammation, and that such an altered response would be mediated by blunted anti-inflammatory gene and protein expression. We characterized the time course of hippocampal immune protein and gene expression following intrahippocampal injection of the pro-inflammatory cytokine IL-1β.
Materials and methods

Animals & surgery
Male Fisher-344 (NIA) rats 3 months (young) of age and 24 months of age (old) were singly housed with ad libitum food and water and maintained on a 12/12-h light-dark cycle in a temperature-controlled room (22°C). Each rat was anesthetized, placed in a stereotaxic device and holes drilled bilaterally into the skull 3.0 mm posterior and 2.6 mm lateral to bregma. A 25 gauge 2 μl syringe (Hamilton Company, Reno NV) was slowly lowered to − 3.5 mm (dorsal hippocampus) and injected slowly with 1 μl rat recombinant 20 ng/μl IL-1β (R&D Systems, Minneapolis MN) dissolved in sterile saline. This injection procedure was repeated on bilaterally. 3, 6, 12, 24, 48 , and 72 h later both hippocampi were dissected, combined and stored (−80°C) until further processing. Both surgical sham and non-surgical control rats were prepared as well for a total of 8 animals per combination of treatment, group, and time point.
Protein analysis
A sample of hippocampus was homogenized in Bio-Plex Cell Lysis Buffer (Bio-Rad, Hercules CA) and analyzed using Bio-Plex Pro Rat Th1/Th2 (IL-1α, IL-1 β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-13, GM-CSF, IFN-γ, and TNF-α) and TGFβ (TGFβ1, TGFβ2, and TGFβ3) multiplex bead immunoassays (Bio-Rad, Hercules CA). Total protein was determined Bradford protein assay (Bio-Rad, Hercules CA).
mRNA analysis
RNA was extracted from the remaining hippocampal tissue using PureZOL RNA Isolation Reagent (Bio-Rad, Hercules CA) and NucleoSpin RNA II (Machery-Nagel, Allentown PA). cDNA templates were generated using iScript Reverse Transcription kit (Bio-Rad, Hercules CA). The target cDNA (IL-1β, CX3CR1, CX3CL1, BDNF, TNF-α, TGFβ1, p38 mitogenactivated kinase (p38-MAPK)) and suppressor of cytokine signaling 2 (SOCS2) and the reference target glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were amplified simultaneously with SsoAdvanced SYBR Green Supermix in a CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules CA). Data were analyzed using the comparative Ct (cycle threshold) method comparing samples to age-matched nonsurgical controls.
Statistics
All results, expressed as fold-change over age-matched nonsurgical controls were analyzed using a 3-way analysis of variance (ANOVA), followed by 1-way ANOVA with Holm-Sidak post-hoc test, with significance as p b 0.05. § indicates significant difference between IL1-treated and shams within the same age and time group. # indicates significant difference between young and old within the same time and treatment group. † indicates significant difference between time groups within age and treatment group. Data expressed as mean + standard error of the means (SEM).
Results
3.1. IL-1β induced a differential expression of a variety of pro-inflammatory cytokines in the young and old rat brain A 3-way ANOVA revealed main effects of age and time (p b 0.05) on the protein expression of all the pro-inflammatory cytokines measured, including TNF-α, IL-1α, IL-1β, IL-2 IL-5, IL-12, IL-6, IFN-γ and GM-CSF. There was a main effect of IL-1β treatment on protein expression of IL-1α and IL-6 as well as a significant interaction between treatment and time. Furthermore, there were significant interactions between age, treatment, and time on IL-6 protein levels, with old animals expressing significantly more IL-6 protein at 12 h compared to young rats at 12 h. Subsequent post-hoc tests revealed significant (p b 0.05) upregulation in protein expression of IL-6 and IL-1α at 12 h post- Fig. 1 . IL-1β intrahippocampal injection triggers increases in pro-inflammatory cytokine expression in old rats. A. IL-6 was significantly upregulated at 12 h post treatment in IL-1β treated old rats compared to all other time points as well as compared to old sham injected rats and young IL-1β treated rats. B. IL-1α was significantly upregulated at 12 h post treatment in IL-1β treated old rats compared to all other time points. C. IFNγ was significantly elevated in aged rats at 12 h post-injection compared to 3 h post-injection as well as compared to young IL-1β-treated rats at the same timepoint. IFNγ was also significantly elevated at 48 h post injection in IL-1β treated aged rats. D. IL-12 was significantly elevated in aged rats at 12 h post-injection compared to 3 h post-injection and later time points were not significantly different from either baseline or the 12 h elevation. A-D. n = 8/group. Data expressed as mean + SEM. § indicates significant difference between IL1-treated and shams within the same age and time group. # indicates significant difference between young and old within the same time and treatment group. † indicates significant difference between time groups within age and treatment group. treatment in IL-1β treated old rats ( Fig. 1A and B) compared to the other time points. Additionally, the pro-inflammatory cytokines IFNγ and IL-12 ( Fig. 1C and D) showed prolonged elevation in aged animals. These two cytokines were significantly elevated in aged rats at 12 h postinjection compared to 3 h post-injection (p b 0.001 and p = 0.002, respectively), as well as compared to young IL-1-treated rats at the same time (p b 0.001 and p = 0.003, respectively). Later time points were not significantly different from either baseline or the 12 h elevation, suggesting only a partial restoration of baseline levels for these two cytokines. Additionally, IFNγ protein levels remained significantly elevated in IL-1β treated aged rats 48 h post-injection (p = 0.003), further supporting the concept that aged rats demonstrate a protracted elevation of some pro-inflammatory cytokines. IL-2 and IL-5 levels were unchanged according to post-hoc analyses (data not shown).
IL-1β induced a differential expression of a variety of anti-inflammatory cytokines in the young and old rat brains
A 3-way ANOVA revealed a main effect of age (p b 0.05) on the expression of most of the anti-inflammatory cytokines measured, except TGFβ2 protein and CX3CL1 mRNA (data not shown). There was a main effect of time post-treatment (p b 0.05) on the expression of all the anti-inflammatory cytokines measured except TGFβ1 protein (data not shown). There was a significant age × time interaction for CX3CR1 gene expression (Fig. 2C) . Post hoc analyses of IL-4 and IL-10 protein expression ( Fig. 2A and B) showed significant (p b 0.05) upregulation in IL-1β-treated old rats at 12 h post-treatment compared to IL-1β-treated young rats in the at the same time post-injection, as well as compared to IL-1-treated old rats in the 3 and 6 h time points. Additionally, IL-4 levels peaked in old IL-1 treated rats at 12 h compared to other time points as well as compared to old shams. Old rats treated with IL-1β had significant (p b 0.05) upregulation of TGFβ1 gene expression 12 and 48 h post-injection (Fig. 2D ). CX3CR1 gene expression also increased in both young and old IL-1-treated rats at 48 and 72 h post-injection (Fig. 2C) . BDNF gene expression showed only a trend (p = 0.068) towards upregulation in young IL-1β treated animals 3 h post-treatment (data not shown), but showed no change in old animals. IL-13 and TGFβ3 levels were unchanged according to post-hoc analyses (data not shown).
3.3. Old and young rats increased IL-1β and TNFα mRNA but only old rats increased protein levels IL-1β and TNFα mRNA increased in old and young rats in the first 12 h following IL-1 injection, but only old IL-1 treated rats showed a subsequent increase in protein levels of these two markers. A 3-way ANOVA on gene expression of IL-1β (Fig. 3A ) revealed significant main effects of treatment with IL-1β and time post-treatment as well as a significant treatment × time interaction. Old and young rats showed a significant (p b 0.05) upregulation of IL-1β gene expression at 6 h post-treatment compared to age-matched sham-operated rats, non-surgical controls, as well as compared to IL-1 treated rats of the same age at later time points. Regarding subsequent protein expression of IL-1β (Fig. 3C) , an ANOVA of the protein expression of IL-1β (Fig. 3C ) revealed significant main effects for age, IL-1β treatment, and time post-treatment as well as a significant age × treatment interaction, a Fig. 2 . IL-1β intrahippocampal injection triggers increases in anti-inflammatory cytokine expression in old rats. A. IL-4 levels peaked in old IL-1 treated rats at 12 h compared to 3 and 6 h time points as well as compared to old shams and young IL-1 treated rats. B. IL-10 levels peaked in old IL-1 treated rats at 12 h compared to IL-1β-treated young rats in the at the same timepoint, as well as compared to IL-1-treated old rats in the 3 and 6 h time points but were no different than old sham rats. C. CX3CR1 gene expression was increased in both young and old IL-1-treated rats at 48 and 72 h post-injection. D. Old rats treated with IL-1β had significant upregulation of TGFβ1 gene expression 12 and 48 h post-injection. A-D. n = 8/group. Data expressed as mean + SEM. § indicates significant difference between IL1-treated and shams within the same age and time group. # indicates significant difference between young and old within the same time and treatment group. † indicates significant difference between time groups within age and treatment group. significant treatment × time interaction, and a 3-way interaction between age × treatment × time. Post-hoc analyses of IL-1β protein expression revealed significant (p b 0.05) upregulation in only the old IL-1β treated animals at 6 and 12 h post-treatment compared to nonsurgical controls as well as later time points (24, 48, and 72 h).
For TNFα gene expression (Fig. 3B) , an ANOVA revealed a main effect of age, IL-1β treatment, and a significant interaction between age × time. Post-hoc analyses revealed that young rats treated with IL-1β had significant (p b 0.05) gene upregulation of TNFα at 3, 6 and 12 h compared to non-surgical controls, and the 6 and 12 h points compared to the 48 and 72 h points. Analysis of TNFα protein expression (Fig. 1D ) revealed main effects of age, treatment, and time. Post-hoc analyses revealed that only aged rats treated with IL-1β had significant elevations in TNFα protein at 6 h compared to young IL-1 treated rats at the same time point (p b 0.001) or compared to old treated rats at the earlier 6 h time point (p = 0.022).
The effect of post-transcriptional control on the inflammatory response in the aged brain
To address the contradictory results between gene and protein expression of IL-1β and TNFα, we investigated the mRNA transcripts for two markers related to post-transcriptional or post-translational control of cytokine expression and action: p38-MAPK and SOCS2. p38-MAPK activation is important for stabilization of cytokine mRNA, allowing proteins to be translated (Brook et al., 2000) . A 3-way ANOVA revealed significant effects of age, treatment, and time post-treatment on p38-MAPK gene expression, as well as a significant interaction of treatment × time (Fig. 4A) . However, subsequent post-hoc analyses demonstrated no specific differences between groups at any of the time points evaluated. SOCS2 expression (Fig. 4B) , in contrast to p38-MAPK, is a feedback mechanism that decreases cytokine expression (for review, see Wang & Campbell, 2002) . SOCS2 expression was significantly affected by treatment and time post-treatment, as well as an interaction between the two. However, post-hoc analyses only revealed significant changes in young IL-1 treated animals at 6 h compared to young shams at 3 h (p = 0.015). This slight increase in SOCS2 gene expression in young animals may be indicative of a subtle difference in a feedback mechanism on cytokine expression between young and old animals, but additional analysis is required.
Discussion
We characterized the influence of aging upon the time-dependent response of the hippocampus to a pro-inflammatory challenge by the cytokine IL-1β. Our results revealed a series of time-dependent and age-dependent changes in pro-and anti-inflammatory proteins and an age-dependent alteration in post-transcriptional regulation of proinflammatory cytokines.
Within 6 h after the pro-inflammatory challenge, IL-1β gene expression was significantly elevated in both young and old rats, but only the aged rats displayed a significant increase in IL-1β protein levels. The Fig. 3 . IL-1β and TNFα mRNA increased in old and young rats in the first 12 h following IL-1 injection, but only old IL-1 treated rats showed a subsequent increase in protein levels of these two markers. A. Old and young rats showed a significant upregulation of IL-1β gene expression at 6 h post-treatment compared to age-matched sham-injected rats, non-surgical controls, and IL-1 treated rats of the same age at later time points. B. In young IL-1β treated rats, TNFα mRNA is significantly upregulated at 3, 6 and 12 h compared to non-surgical controls, and the 6 and 12 h points compared to the 48 and 72 h points. C. Old IL-1β treated animals upregulated IL-1β protein at 6 and 12 h post-treatment compared to non-surgical controls as well as later time points. D. Old rats treated with IL-1β had significant elevations in TNFα protein at 6 h compared to young IL-1β treated rats at the same time point or compared to old IL-1β treated rats at the 6 h timepoint. A-D. n = 8/group. Data expressed as mean + SEM. § indicates significant difference between IL1-treated and shams within the same age and time group. # indicates significant difference between young and old within the same time and treatment group. † indicates significant difference between time groups within age and treatment group. changes in IL-1β gene and protein expression in the aged rats correlated significantly with each other (r = 0.437, p b 0.001), implicating that we are measuring de novo protein synthesis as opposed to measuring the IL-1β we injected. Furthermore, previous studies have shown that the in vivo half-life of IL-1β protein is 3-4 h (Klapproth et al., 1989) . TNFα gene expression increased rapidly in young rats, but not old rats; in contrast, TNFα protein expression increased only in the old rats. These discrepancies between cytokine mRNA and protein levels may be related to age-related differences in mechanisms of posttranscriptional control. We initially examined p38-MAPK to explore this possibility. The transcripts of many pro-inflammatory cytokines contain an adenine/uridine-rich element that target them for degradation, and this process is regulated by the activation state of the immune cell producing the transcript (Stoecklin & Anderson, 2006) . Stimulation of macrophages with the bacterial endotoxin lipopolysaccharide stabilizes production of TNFα via p38-MAPK dependent mechanisms (Brook et al., 2000) . IL-1β can activate the p38-MAPK pathway via phosphorylation and increase expression of p38-MAPK mRNA (Sheng et al., 2001) . Drugs that inhibit the p38-MAPK pathway reduce the protein expression of several pro-inflammatory cytokines in microglia, including TNFα and IL-1β (Bachstetter et al., 2011) . p38-MAPK phosphorylation is elevated in the brains of aged animals (Li et al., 2011) . However, we found no changes in the expression of p38-MAPK mRNA in old or young animals that would account for the discrepancy in cytokine mRNA and protein expression we observed.
We also examined SOCS2 gene expression as another method for evaluating post-transcriptional control of cytokine expression. SOCS2 is highly expressed in the brain (Wang & Campbell, 2002) . While SOCS2 is a well-established negative regulator of growth hormone signaling (Greenhalgh et al., 2002) , SOCS2 deficient mice also have exaggerated pro-inflammatory cytokine production and mortality following peripheral infection (Machado et al., 2006) . Insufficient SOCS2 expression in aging may lead to poorly regulated production of proinflammatory cytokines, similar to our observation with TNFα and IL-1β protein. We saw a small but significant increase in SOCS2 production in young IL-1 treated animals, but no change in SOCS2 production in aged animals, indicating that there may be a deficit in SOCS2 production that underlies our observation of increased cytokine expression following acute IL-1 treatment.
Within 12 h after the pro-inflammatory challenge, IL-6 and IL-1α protein levels were significantly upregulated in old rats. IL-6 can induce a pro-inflammatory state in microglia (Basu et al., 2002) . Elevated levels of IL-6 are associated with Alzheimer's disease pathology (Smith et al., 2012) and are correlated with decreased function in Parkinson's disease (Hofmann et al., 2009) . IL-12 and IFN-γ were also significantly increased in old rats 12 h after the pro-inflammatory challenge. The sustained upregulation of these markers is indicative of a prolonged proinflammatory immune response in the aged brain; young rats did not show increases in any of these markers. While IFN-γ can also induce a pro-inflammatory activation state in microglia and macrophages, microglia do not respond as robustly to this cytokine as macrophages (Melief et al., 2012) . IL-12 is secreted by microglia in response to IFN-γ (Aloisi et al., 1997) , so it was not surprising that these two markers were significantly correlated (r = 0.905, p b 0.001) in the current study.
Within 12 h after the pro-inflammatory challenge, aged rats also upregulated the anti-inflammatory cytokines IL-4 and IL-10. IL-4 returned to baseline levels by 48 h, while IL-10 did not fully return to baseline by 72 h. In contrast, young rats did not upregulate these anti-inflammatory cytokines above baseline levels. IL-4 and IL-10 are sufficient to initiate an anti-inflammatory microglia response (Wei & Jonakait, 1999) ; the expression of these cytokines may represent an attempt by the aged brain to quell the hyperactive pro-inflammatory response. Fractalkine receptor (CX3CR1) gene expression, which is responsible for maintaining microglia in a resting state and is considered overall anti-inflammatory, was increased at later time points in both young and old IL-1β-exposed rats. TGFβ is associated with conversion of microglia to a repairoriented activation state and regulation of fractalkine activity, however only TGFβ1 gene expression was increased in the aged rats with no increase in protein levels. The appearance of an anti-inflammatory response in the old rats but not the young rats may be indicative of a greater amount of tissue injury in the old rats, possibly due to their exaggerated response. This idea is supported by data from spinal cord injury patients showing significant correlations between anti-inflammatory markers and severity of tissue injury (Ochoa et al., 2001) .
Microglia in the aged brain may be less capable of effectively responding to elevations of anti-inflammatory cytokines and switching their activation phenotype. Previous studies have shown that microglia from aged mice do not shift to an anti-inflammatory profile when exposed to IL-4 ex vivo, and do not upregulate the IL-4 receptor (Fenn et al., 2012) . The slight but extended elevations of the pro-inflammatory cytokines IL12 and IFN-γ that we observed in the current study, despite increases in IL-4 and IL-10, support this concept. The simultaneous expression of pro-and anti-inflammatory markers has been previously described in aged mice following peripheral inflammation (Henry et al. 2009 ), in aged transgenic Alzheimer's disease mice (Colton et al., 2006) and during the early stages of Alzheimer's disease (Sudduth et al., 2013) . Taken together with the work herein, these studies suggest that the inflammatory response the aged brain, and their contributions to pathology, may not be as straightforward as pro-inflammatory "priming." Taking into account these mixed phenotypes may offer a valid approach Fig. 4 . Post-transcriptional and post-translational control of cytokine expression. A. 3-way ANOVA showed significant effects of age, treatment, and time post-treatment on p38-MAPK gene expression, as well as a significant interaction of treatment × time. Post-hoc analyses demonstrated no specific differences between groups at any of the time points evaluated. B. 3-way ANOVA on SOCS2 expression was significantly affected by treatment and time post-treatment, as well as an interaction between the two. Post-hoc analyses revealed significant changes in young IL-1 treated animals at 6 h compared to young shams at 3 h. A and B. n = 8/group. Data expressed as mean + SEM.
for characterizing patients with age-related neurodegenerative disorders and their potential for responding to immunomodulatory therapies (Leoutsakos et al., 2012) .
In summary, both young and old rats respond to the presence of IL-1β by upregulation of mRNA levels of endogenous IL-1β as well as TNFα. Old animals additionally respond by upregulating the protein levels of several pro-and anti-inflammatory cytokines, while young rats did not upregulate the protein levels of any cytokines. Overall, young rats appear to have a tightly controlled immune response while aged animals have an exaggerated and mixed response. This may be due to hyper-reactive microglia in the aged brain that are not selective for either a pro-or anti-inflammatory phenotype, or due to a failure of old animals increase expression of SOCS2 for regulation of the cytokine response. These data add to a growing body of literature related to the heterogeneity of the immune response in the aging brain and neurodegenerative disorders.
